Only relatively recently have researchers turned to molecular methods for nematode phylogeny reconstruction. Thus, we lack the extensive literature on evolutionary patterns and phylogenetic usefulness of different DNA regions for nematodes that exists for other taxa. Here, we examine the usefulness of mtDNA for nematode phylogeny reconstruction and provide data that can be used for a priori character weighting or for parameter specification in models of sequence evolution. We estimated the substitution pattern for the mitochondrial ND4 gene from intraspecific comparisons in four species of parasitic nematodes from the family Trichostrongylidae (38-50 sequences per species). The resulting pattern suggests a strong mutational bias toward A and T, and a lower transition/transversion ratio than is typically observed in other taxa. We also present information on the relative rates of substitution at first, second, and third codon positions and on relative rates of saturation of different types of substitutions in comparisons ranging from intraspecific to interordinal. Silent sites saturate extremely quickly, presumably owing to the substitution bias and, perhaps, to an accelerated mutation rate. Results emphasize the importance of using only the most closely related sequences in order to infer patterns of substitution accurately for nematodes or for other taxa having strongly composition-biased DNA. ND4 also shows high amino acid polymorphism at both the intraand interspecific levels, and in higher level comparisons, there is evidence of saturation at variable amino acid sites. In general, we recommend using mtDNA coding genes only for phylogenetics of relatively closely related nematode species and, even then, using only nonsynonymous substitutions and the more conserved mitochondrial genes (e.g., cytochrome oxidases). On the other hand, the high substitution rate in genes such as ND4 should make them excellent for population genetics studies, identifying cryptic species, and resolving relationships among closely related congeners when other markers show insufficient variation.
Introduction
Nematodes are very conservative in gross morphology, and even higher-level taxonomy in the phylum has been confounded by a lack of easily scored characters (e.g., Maggenti 1981; Blaxter et al. 1998 ). As researchers turn to molecular methods, mitochondrial DNA is being applied more frequently to questions of systematics and population genetics in nematodes (e.g., Blouin et al. 1992 Blouin et al. , 1995 Anderson, Romero, and Jaenike 1993; Powers, Harris, and Hyman 1993; Hugall et al. 1994; Joyce, Burnell, and Powers 1994; Anderson, Romero-Abal, and Jaenike 1995; Nadler 1995; Hyman and Whipple 1996; Anderson and Jaenike 1997; Hugall, Stanton, and Moritz 1997) . However, we still know much less about the evolution of mtDNA in nematodes than we do about that in other taxa such as insects or vertebrates (Hyman and Slater 1990; Thomas and Wilson 1991; Okimoto et al. 1992; Okimoto, MacFarlane, and Wolstenholme 1994; Hyman and Azevedo 1996; Hugall, Stanton, and Moritz 1997) . Understanding basic parameters such as patterns of nucleotide substitution and rate variation among sites is important for proper application of DNA sequence data to molecular systematics (Yang 1994; Lockhart et al. 1994; Jermiin, Graur, and Crozier 1995; Yang and Kumar 1996) . In addition, the evolution of nematode mtDNA is itself interesting, because several lines of evidence suggest that it is unKey words: mitochondrial DNA, mtDNA, nematode, Trichostrongylidae, ND4. usual. For example, nematode mtDNA is highly AϩT-rich (Thomas and Wilson 1991; Okimoto et al. 1992; Hyman and Azevedo 1996; Hugall, Stanton, and Moritz 1997) , rivaled only by that of some insects (e.g., Clary and Wolstenholme 1985; Simon et al. 1994) . It may also be prone to recombination and gene rearrangement (Hyman and Azevedo 1996; Lunt and Hyman 1997) , and circumstantial evidence suggests that it evolves more quickly than mtDNA of other taxa (Blouin et al. 1995; Anderson, Blouin, and Beech 1998) .
Here, we describe patterns of base substitution within and among species, genera, and orders of nematodes for the 3Ј end of the mitochondrial ND4 gene. The specific goals of this study are (1) to describe the pattern of substitution, (2) to describe the relative rates at which different types of substitution saturate, and (3) to assess the appropriateness of the ND4 region for phylogenetic analyses at different taxonomic levels in the phylum nematoda. Thus, we provide data that others can use to decide whether mtDNA is appropriate for their research question and to choose values for a priori character weighting or for parameter specification in models of sequence evolution.
Materials and Methods

Sequences Used
In a study designed to compare patterns of gene flow in four species of parasitic nematodes in the family Trichostrongylidae, Blouin et al. (1995) Blouin et al. 1995) . In order to be sure that we were using only intraspecific comparisons to infer the substitution matrix, we used only the 38 group A sequences. For comparisons above the intraspecific level, we included Ostertagia ostertagi, another trichostrongylid parasite of ruminants for which we have a single ND4 sequence (from the O. ostertagi mtDNA clone described in Tarrant et al. 1992) , and the sequences from Caenorhabditis elegans (Rhabditidae) and Ascaris suum (Ascarididae) that were published in Okimoto et al. (1992) . The phylogenetic relationships among the three families are well established by both morphological and molecular criteria (Blaxter et al. 1998) , with the trichostrongylids and Caenorhabditis being more closely related than either is to Ascaris (table 1) .
Estimating Substitution Patterns
In order to obtain the best estimate of the underlying pattern of substitution, we confined our analysis to fourfold degenerate sites and intraspecific comparisons. There were 47 fourfold degenerate sites in the T. circumcincta data set, 51 in the M. odocoilei data set, 44 in the H. contortus data set, and 44 in the H. placei data set. We inferred the pattern of substitution at these sites using Yang and Kumar's (1996) pairwise sequence comparison method as implemented in pamp (see also Yang 1995) . This method produces a matrix Q which shows the expected instantaneous rate of substitution of i to nucleotide j per unit time.
The relative rates at which first, second, and third codon position sites accumulate substitutions were also estimated using only intraspecific comparisons. For each of the four species, a neighbor-joining tree was constructed from a matrix of Jukes-Cantor distances (in PHYLIP; Felsenstein 1993) , and the number of substitutions at each site in the tree counted using MacClade (Madison and Madison 1992) .
Relative Saturation Rates of Different Sites and Types of Substitution
In order to use coding sequences to accurately reconstruct phylogenies, it is important to adjust for the relative rates at which different codon sites and different types of substitution (e.g., transitions vs. transversions) saturate. We compared the relative rates at which transitions and transversions saturate across taxonomic categories by counting substitutions in all pairwise comparisons between sequences from the following categories: within species, between species within a genus, between genera within a family, and between orders. For intraspecific comparisons, we used the four species mentioned previously. We arbitrarily chose a single sequence from each of those four species to use in higher-level comparisons. Haemonchus placei versus H. contortus served as the comparison between species within a genus. For genera within a family, we compared the five trichostrongylid species. For interordinal comparisons, we compared Caenorhabditis elegans, Ascaris suum, and the trichostrongylids. Because we have no independent method of dating divergence times between nematode species, we cannot equate these taxonomic categories with true time. Therefore, for third positions, we plotted the numbers of transitions and transversions in each comparison against the number of substitutions accumulated at first plus second position sites. We also plotted first-, second-, and third-position substitutions and amino acid distance (percentage difference, hereinafter ''aa distance'') against 18S rDNA sequence distance (percentage difference over entire 18S rDNA subunit) for the species for which 18S sequences are available in GenBank (O. ostertagi, H. contortus, H. placei, C. elegans, and A. suum; note that H. placei and H. contortus have identical 18S sequences). In the appendix, we list, for each pairwise comparison, the number of each of the six types of substitution (C↔T, A↔G, and so on) and the aa distance calculated using the entire 459-bp data set. 
Results and Discussion
General
All ND4 sequences aligned in the same reading frame and share the C. elegans/A. suum gene arrangement in which the 3Ј end of the ND4 gene is separated from the cytochrome oxidase I gene by an ϳ100-bp noncoding region of unknown function. Rates of substitution within trichostrongylid species appear to be high, with average pairwise sequence differences among conspecific individuals ranging from 1.9% to 2.6% (see also Blouin et al. 1995) , and with 11%-19% of sites being variable within species. Most of the variable sites are in third codon positions, and, as is typical for protein coding regions, overall substitution rates are highest in third-position sites, and lowest in second-position sites (table 2) . Overall levels of amino acid substitution are also high, with pairwise aa distances between conspecifics averaging 1% (appendix). The 3Ј end of the fragment appears to be less conserved than the 5Ј end, and there are two stretches of sequence, each approximately 10 amino acids long, whose compositions are almost invariant across all species and individuals in this study ( fig. 1 ).
Nucleotide Composition and Substitution Bias
The trichostrongylids all have highly AϩT-rich mtDNA (table 3) , as is typical of other nematodes. It has been suggested, based on patterns of nucleotide and amino acid usage, that there is an AϩT mutational bias in nematodes (Thomas and Wilson 1991; Okimoto et al. 1992; Hyman and Azevedo 1996; Hugall, Stanton, and Moritz 1997) . Substitution matrices generated for the trichostrongylids here show that relative rates of substitution from a C or G to an A or T are always higher than rates of substitution in the opposite direction (e.g., the rate of C→T is higher than the rate of T→C, and so on, for all types of substitution in all four species; table 4). These asymmetric rates suggest that the high AϩT composition is indeed caused by an underlying mutational bias (Sueoka 1992) . Mutational pressure is also consistent with the fact that AϩT composition is lower in first-and second-position sites than in third-position sites (e.g., 72% AϩT in second positions vs. 87% in third positions; see table 3; Jukes and Bushan 1986) , and with the low transition/transversion (ts/tv) ratios for these species (Jermiin and Crozier 1994) . Here, the ratio ranges from 6:1 to 10:1 among the four species (table  4) . For comparison, typical ratios for silent DNA in vertebrates are at least 15:1 (Aquadro and Greenberg 1983; Tamura and Nei 1993; Yang and Kumar 1996) . Note also that an excess of A↔T substitutions alone does not explain the low ts/tv ratio. Although A↔T is by far the most common transversion (appendix), when substitu- tions are expressed as an absolute rate, A→T and T→A are not the most rapidly occurring transversions (table  4) .
Saturation Rates of Different Types of Substitutions
A striking feature of this data set is the rapid rate at which transitions, and then A↔T transversions, saturate as more distantly related sequences are compared (appendix). For example, in intraspecific comparisons, each transition is five to six times more common than the most abundant transversion, A↔T. But even by the time one compares species within a genus, the number of A↔T's has outpaced either transition (and note that, by nematode standards, H. placei and H. contortus are closely related, being difficult to tell apart morphologically and able to produce hybrids; LeJambre 1979). Thomas and Wilson (1991) also noted a very rapid drop in the ts/tv ratio as one goes from intra-to interspecific comparisons for Caenorhabditis. These results illustrate the importance of using only the most closely related sequences in order to infer patterns of substitution accurately for nematodes or for other taxa having strongly composition-biased DNA. The rapid saturation at silent sites is illustrated even more dramatically in plots of third-position substitutions against first-plus second-position substitutions and against 18S distance (figs. 2 and 3C). Third-position transitions appear to be saturated at the level of congeneric species, and transversions begin to plateau at the level of confamilial genera. Figure 3 suggests that even replacement substitutions in ND4 may be saturating at the higher taxonomic levels.
Use of mtDNA in Nematode Molecular Systematics
Figures 2 and 3 show that for comparisons much beyond the intraspecific level, third-position sites should probably be excluded. Not surprisingly, other authors have also found third-position sites in nematode mtDNA to be saturated and uninformative in higher-level phylogenetic reconstructions (among genera in the superfamily Ascaridoidea, using cytochrome oxidase (CO) II: Nadler 1995; among Meloidogyne, Romanomermis, Ascaris, and Caenorhabditis using ND3 and cytochrome b: Powers, Harris, and Hyman 1993; among trichostrongylid genera using COI: D. Zarlenga, personal communication). At least for less conserved mitochondrial genes, such as those in the NADH dehydrogenase complex (e.g., table 1 in Simon et al. 1994) , one might be cautious about using even amino acid sequence for phylogeny reconstructions much beyond the level of confamilial genera (figs. 1 and 3). At this level, we recommend using the more slowly evolving mitochondrial genes, such as cytochrome oxidases, and using amino acid or only first and second position sites. For example, of the 34 fixed differences between H. placei and H. contortus at ND4, 10 result in an amino acid change (Blouin et al. 1997) . In contrast, all 51 substitutions separating the two species at COI were in silent sites (one individual sequenced from each species; D. Zarlenga, personal communication).
Highly AϩT-rich mtDNA poses several problems for phylogeny reconstruction (Simon et al. 1994) . When taxa differ in composition bias, they can be grouped based more on shared nucleotide composition than on shared history (Hasegawa and Hashimoto 1993; Steel, Lockhart, and Penny 1993) . There are also effectively fewer possible character states, so sites saturate more quickly, reducing resolution in the deeper parts of trees when distance or parsimony methods are used (e.g., Wolfe, Sharp, and Li 1989; Wolfe and Sharp 1993; Brower and DeSalle 1998) . These two problems can be minimized for nematodes by using mtDNA for phylogenetics on only closely related species. Nevertheless, even for closely related species, it will be important to use phylogenetic methods that account for the rapid rate of saturation, the biased mode of substitution, and the rate variation among codon positions. For example, in a parsimony analysis, one might account for substitution bias by using the step matrix approach implemented in PAUP, in which the elements of the step matrix are based on the data in table 4. For highly composition-biased and rapidly saturating sequences such as these, however, maximum-likelihood approaches may be most appropriate. A variety of multiparameter models are available that adjust for substitution bias and rate variation to different extents, although one must consider the trade-off in increased variance of the estimate that occurs as the number of parameters that must be estimated from the data increases (Kumar, Tamura, and Nei 1993; Yang 1994; Yang and Kumar 1996) . One simple approach for es- Table 4 Substitution Average ts/tv ϭ 10.2
NOTE.-The Q matrix for each species was estimated using fourfold degenerate sites only. In these matrices, the diagonals are set to the negative of the substitution rate of nucleotide i so that rows sum to zero (slight deviations owing to roundoff errors). Note that rates of substitution from CϩG to AϩT are always greater than rates of substitution in the opposite direction. timating distances between closely related sequences would be to use the maximum-likelihood distance in PHYLIP. This model at least accounts for a rate difference between transitions and transversions and for biased nucleotide composition and allows the user to input the expected ts/tv ratio and the expected rates of substitution at different sites. For example, from these data on trichostrongylids, one might choose relative rates of 3:1:18 for first-, second-, and third-position sites (table 2) and a ts/tv ratio of around 7 (table 4) .
So what is the most appropriate use of mtDNA in nematode evolutionary genetics? While the high rate of substitution in genes such as ND4 make them excellent markers for population genetics (e.g., Blouin et al. 1995) , this study shows that the biased substitution pattern and rapid rate of saturation make them undesirable markers for higher-level phylogenetics. Nevertheless, genes such as ND4 should be very useful in two types of applications, particularly if one corrects for multiple hits and the substitution bias. First, mtDNA should be excellent for determining relationships among closely related species when other markers show insufficient variation. For example, nuclear ribosomal RNA genes are very useful for resolving genus-and family-level relationships in nematodes, but often fail to adequately resolve relationships among closely related congeners (e.g., Fitch, Bugaj-Gaweda, and Emmons 1995; Liu, Berry, and Moldenke 1997) . As a case in point, H. placei and H. contortus have identical 18s rDNA sequences (Zarlenga et al. 1994 ) and differ by only 1% in the ribosomal ITS-2 sequence (Stevenson, Chilton, and Gasser 1995), but they are well differentiated by a 13%-16% difference in mtDNA coding genes (table 5) . A second very useful application of nematode mtDNA may be to aid in decisions on whether isolates deserve species status. A surprising number of presumed monospecific parasite species have recently been shown to actually consist of several cryptic species (reviewed in Anderson, Blouin, and Beech 1998) . Fast-evolving genes such as ND4 may quickly reach reciprocal monophyly between reproductively isolated populations (barring complications of the breeding system, which can cause the opposite effect via enhanced organelle effective size; Hoelzer 1997), and thus may be useful for identifying cryptic species. For example, for nematode species that were originally defined on the basis of morphology and for which mtDNA data are now available, we see that most interspecific differences are in the 10%-20% range (table 5), while the maximum pairwise difference observed within any species so far is 7% (table 6), and this value is between individual Mazamas- Hugall, Stanton, and Moritz (1997) a Range is given for all pairwise comparisons among three or more species. Average difference between species is shown when more than one individual was sequenced per species.
b The distance between H. bacteriophora and H. megidis is 8%; other distances between Heterorhabditis species range from 13% to 19%. c Estimated from figure 1 in Hugall, Stanton, and Moritz (1997) . Anderson and Jaenike (1997) a Mazamastrongylus odocoilei haplotypes cluster into two distinct lineages (groups A and B) that are also geographically separated (Blouin et al. 1995) . It is not known if these two groups represent cryptic species or just highly differentiated populations.
b mtDNA phylogeny does not completely support the species distinction between A. suum and A. lumbricoides. The maximum distance observed among all haplotypes is reported here.
trongylus from the A and B groups, which may be reproductively isolated. Thus, if sympatric populations form distinct clades that differ by more than, say, 10%, one might question whether they really are conspecifics. Obviously, an arbitrary genetic distance cutoff is not a sound way to define species, and mtDNA should be used only in conjunction with other evidence to make such decisions. For example, in a recent study on worldwide variation in T. circumcincta, samples from the Arctic were found to differ from all other populations by an average of 13% at ND4 (unpublished data). Host associations, biogeography, and subsequent morphological analyses all indicate that the Arctic samples represent a distinct species that had been overlooked until now. Thus, in our opinion, mtDNA's most appropriate place in the molecular tool bag for nematode molecular systematics should be for population genetics, for resolving relationships at the tips of trees whose deeper branches are resolved by other methods, and to aid in identifying species.
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